THERE IS A CLINICAL NEED FOR NGS
================================

Precision medicine is an emerging approach for disease prevention and treatment that takes individual variability into account \[[@R1]\]. To achieve "individual variability" requires analyzing multiple genes with little amounts of specimen inexpensively, quickly and sensitively. In late 20th century, Sanger sequencing was the most widely used sequencing method for approximately 25 years. More recently, Sanger sequencing has been supplanted by the next generation sequencing (NGS) technology. Compared with Sanger sequencing, NGS has many advantages, including: i) Speed -- NGS is massively parallel, producing 500GB data in a single run on a single flow cell of HiSeq2500; ii) Cost- The massively parallel nature of NGS reduces sequencing time, manpower and reagents that translate into significant savings. For example, sequencing 1Mb DNA only costs \$0.04 by using HiSeq2500, and \$0.007 using HiSeq X Ten; iii) Sensitivity - NGS can reliably detect \>1% mutations. This is critically important for detecting somatic mutations in the heterogeneous tumor samples; iv) Amount of sample - With the advances of library construction technology, NGS can perform well with the nanogram range of DNA. Both MiSeq and Ion PGM can sequence around 50 targeted genes with 10-50ng of FFPE DNA. This is particularly useful for the most accessible cytology specimens. In many clinical situations, the only available specimen is a fine needle core or aspiration biopsy or FFPE tissue slides, which do not provide enough DNA for classical Sanger sequencing; v) The number of targets - NGS technology can sequence multiple genes at a higher coverage. Since genomic research has facilitated the pace of target discovery for disease management, the numbers of genes that are associated with a disease phenotype and need to be assessed are increasing rapidly. Accordingly, there has been a marked increase in the number of targeted therapies approved for the treatment of patients with specific types of malignancies harboring specific types of sequence alterations \[[@R2]\].

In summary, NGS can accurately and sensitively sequence more target genes with less DNA, with reduced cost, time and labor as compared with Sanger sequencing. These tasks are sometimes either technically or practically not feasible for Sanger sequencing. A typical example is advanced or metastatic colorectal cancer that has wild-type *KRAS*, and therefore treated by anti-epidermal growth factor receptor (EGFR) antibodies such as cetuximab and panitumumab \[[@R3]\]. These patients frequently become resistant to the anti-EGFR therapy when activating mutations occur in either *KRAS*, *NRAS*, *PIK3CA* or *BRAF*. With a highly heterogeneous needle biopsy or a FFPE tissue slide, NGS can simultaneously test all possible mutations at \>1% in these 4 genes as well as others to guide therapeutic decision-making. Such an analysis is difficult to achieve by Sanger sequencing, both practically (takes too long and costs too much) and technically (not enough tissue and low sensitivity).

NGS technology is still rapidly evolving. In the last decade, cost has rapidly decreased while throughput is continuously increasing with the release of new chemistry and new models (Fig. **[1](#F1){ref-type="fig"}**). Recently, the throughput of HiSeq2500 increased from 600GB to 1TB by the combination of newer V4 chemistry and a newer camera model which supports the higher cluster densities. On January 12^th^, 2015, Illumina announced the HiSeq3000/4000, which further increased throughput to 429GB/day, reduced cost to \$20/GB compared with 167GB/day and \$30/GB for V4 HiSeq2500, respectively. The continuous evolution of NGS technology in throughput and cost will undoubtedly further strengthen the position of NGS in precision medicine.

CURRENTLY USED NGS PANELS IN PRECISION MEDICINE
===============================================

NGS technology is rapidly making its way into clinical laboratories. Till now, most clinical applications have been in diagnostic testing for hereditary disorders and, more recently, for risk screening for hereditary cancers and therapeutic decision-making for somatic cancers. The testing contents have evolved from hotspot panels, actionable gene panels, and disease-focused panels to more comprehensive panels. Although exome and whole genome sequencing approaches are beginning to emerge, given the incomplete clinical annotation of the human genome, panel-based testing is more practical at the present time, and already holds a firm place in clinical applications \[[@R4]\]. (Fig. **[2](#F2){ref-type="fig"}**) shows the evolution of NGS based clinical testing from hotspot panels to whole genome sequencing. A brief summary of the current status of those panels is described below.

Hotspot Panels
--------------

The hotspot panel is a collection of frequently mutated hotspots that are either clinically actionable or with diagnostic/prognostic significance. Over the past several years, there has been a major shift in cancer diagnostics from physical and histological findings to additional assessment of targetable genomic mutations. In solid tumors, a good example where a hotspot panel used is lung cancer. Since the first approval of targeted drugs, like Tarceva (erlotinib) and Iressa (gefitinib), for non-small cell lung cancer (NSCLC) with activated *EGFR*mutations a decade ago, and recent approval of Xalkori (crizotinib) for patients with *ALK* gene fusions, routine genetic testing for somatic mutations from lung cancer biopsies has become the standard for providing optimal patient care \[[@R5]-[@R8]\]. In fact, the College of American Pathologists (CAP), the International Association for the Study of Lung Cancer (IASLC), and the Association for Molecular Pathology (AMP) issued a joint, evidence-based guideline establishing recommendations for molecular diagnostic testing in lung cancer \[[@R9]\]. Their recommendations were to test all patients with lung adenocarcinoma for *EGFR* and *ALK* abnormalities, regardless of clinical variables such as smoking history, gender, or ethnicity, to determine if tyrosine kinase or *ALK* inhibitor therapy may be beneficial.

There are two types of hotspot cancer panels currently available commercially to guide for treatment: one for the choice of therapy and the other for the amount of medication.

The AmpliSeq cancer panel V1, developed by the Life Technologies, represents one example of the former. This was the first commercially released hotspot cancer panel, and covers 739 clinically relevant hotspot mutations from 46 cancer genes, including well-established tumor suppressor genes and oncogenes. The product was designed for potential clinical application by including all *EGFR, BRAF, KRAS* and other clinically actionable hotspot mutations. Given its popularity, Illumina subsequently released a similar product -Truseq Amplicon cancer panel which targets 48 genes with 212 amplicons. In a recent large, prospective, multi-institution study of 1094 newly diagnosed cancer patients from Australia, tumor samples from 854 patients were successfully sequenced using the Illumina Truseq Amplicon cancer panel \[[@R10]\]. This study showed the reliability of the NGS technology to examine multiple gene loci across different tumor types in a single workflow. Clinically significant mutations were identified in 63% of patients in this study, and 26% patients had mutations with therapeutic implications.

Currently, the Ion AmpliSeq Cancer Panel V2 dominates the Hotspot panel market in the United States. This 50-gene hotspot panel maintains compatibility with FFPE samples while expanding the number of hotspot mutations to 2855. As expected, this panel has now been clinically validated and offered as a clinical test by several academic institutes and private laboratories, including the UCLA Clinical Microarray Lab and the Baylor Cancer Genetics Lab.

PGxOne™ pharmacogenomics test, developed by Admera Health, represents the second type of hotspot panel (http://www.admerahealth.com/pgxone/). This assay screens for 152 frequently mutated sites from 13 well-established pharmacogenomics genes that affect drug absorption, metabolism, or activity. These medically actionable and clinically relevant mutational data provide information for physicians to prescribe appropriate dose for effective treatment.

Actionable Gene Panels
----------------------

The actionable gene panels evolved from hotspot panels by including all exons of targeted genes (or all clinical relevant regions) so that other pathogenic mutations outside frequently mutated sites can be interrogated. The common feature of these panels is to focus on actionable genes, such as *EGFR, BRAF, KRAS, PIK3CA, NRAS, KIT* and *ALK*, which are often targets of FDA-approved drugs in different tumor types. These testing results complement traditional cancer treatment tools, and expand treatment options by matching each patient with targeted therapies and clinical trials. These panels are currently offered by commercial vendors, academic institutes as well as private laboratories.

The first commercially released, small actionable gene panel is the TruSight Tumor panel, which enables clinical researchers to identify low-frequency mutations across 26 genes that are involved in targeted therapy for lung, colon, gastric, ovarian cancer and melanoma. This panel has been clinically validated and offered as a clinical test by several institutes. The V2 Comprehensive Cancer Gene Set offered by Washington University in St. Louis is a medium-sized, clinically actionable, customized cancer panel. This panel includes 42 clinically actionable cancer genes (20 for solid tumors, 16 for liquid tumors, and 6 for both) designed for assisting oncologists with stratification of disease subtypes and tailoring of effective personalized therapies. Foundation One, developed by Foundation Medicine, represents a comprehensive actionable gene panel. It interrogates the entire coding sequence of 236 cancer-related genes plus 47 introns from 19 genes which are often rearranged or altered in solid tumor cancers. These genes are known to be somatically altered in solid cancers based on recent scientific and clinical literature. This test provides more potential treatment options from not only FDA-approved targeted therapies, but also clinical trials.

The actionable gene panel has also been used for hereditary cancer to help risk assessment and patient management. Recently released from Myriad is a 25-gene panel named MyRisk, designed for the identification of clinically significant mutations impacting inherited risks for eight important cancers: breast, colorectal, ovarian, endometrial, gastric, melanoma, pancreatic, and prostate cancer. The test interpretation combines test results with personal/family cancer history for clinically actionable risk assessment, and provides specific medical management recommendations based on the guidelines of leading professional medical societies.

Disease-Focused Panels
----------------------

The actionable gene panels are collections of well-studied actionable genes that are commonly involved in several diseases. Most of such panels interrogate somatic mutations to aid in therapeutic decision-making. The disease-focused panels are comprised of the genes for a particular disease. The latter panels are largely used for the germ line mutations to screen for the risk of inherited diseases, or to diagnose suspected genetic diseases. At present, the hereditary cancer panels are popular tests. Approximately 5-10% of all cancers are hereditary. More than 100 cancer susceptibility syndromes have been reported, including hereditary breast and ovarian cancer syndrome (HBOC), Lynch Syndrome, Cowden syndrome (CS) and Li-Fraumeni Syndrome (LFS). Many of these risk genes share molecular pathways and play a role in the repair of DNA damage, such as high risk gene *BRCA1*and *BRCA2*, and modest risk gene *BRIP1*and *PALB2*, which are all part of the Fanconi Anemia (FA)-BRCA Molecular Pathway and associated with increased risk of breast and ovarian cancer \[[@R11]\]. NGS-based screening for all of those genes for a particular cancer provides critical risk information for preventive management. These panels generally have a limited set of genes allowing multiplex and greater depth of coverage for increased analytical sensitivity and specificity, and decreased cost.

As of February 5^th^, 2015, \~7653 NGS-based clinical tests were available across the world (estimated using NGS as a term in the NIH Genetic Testing Registry, website www.ncbi.nlm.nih.gov), with about one-third in the commercial sector and two-thirds in academically affiliated clinical laboratories. There were 332 cancer panels from 115 laboratories. Of those, 227 tests from 91 laboratories were for hereditary cancer screening. (Table **[1](#T1){ref-type="table"}**) summarizes a few popular, currently available hereditary cancer panels. Although fewer clinical laboratories have launched disease-focused NGS tests for somatic cancers, many laboratories are actively developing such tests. In the next few years, this is the area expected to expand quickly.

Comprehensive Panels
--------------------

Although disease-focused panels have gained popularity, clinical laboratories are facing serious financial and practical challenges associated with 1) the development and validation of different disease-focused panels according to the American College of Medical Genetics and Genomics (ACMG) guidelines; 2) the limited number of clinical specimens required for clinical testing for any given disease at any given time; 3) the requirement to constantly update the content of existing panels. These challenges have led clinicians to wonder whether they should move directly to exome or whole genome sequencing. The question seems to be a relevant one, but laboratories hesitate to make the move when they have to face the hundreds of variants with unknown clinical significance from whole genome or whole exome sequencing approaches.

One compromise is to consider a more comprehensive panel that includes all genes associated with all diseases.

By taking full advantage of the high throughput nature of NGS technology, this approach would satisfy the simplicity of disease-targeted testing and also avoid interrogation of the majority of variants of unknown clinical significance. This "one for all" approach could minimize test development and validation efforts for multiple disease focused panels, maximize the multiplex capability by combining samples with different diseases in one assay, and reduce the frequency of required updates as new genes are identified. In practice, physicians could request testing using a specific disease focused sub-panel that is relevant to the patient's phenotype. If that sub-panel does not yield expected results, additional analysis could be requested using the full panel, if clinically indicated.

Illumina's TruSight One is an example of such a comprehensive panel,. This panel includes more than 60 well-established sub-panels and covers 4813 genes having known association with clinical phenotypes. This panel was designed to encompass the most commonly requested targeted gene panel assays, enabling laboratories to evaluate the gene targets in all of these panels with one physical assay. The Trusight One includes all exonic regions harboring disease-causing mutations identified based on information in the Human Gene Mutation Database (HGMD Professional), the Online Mendelian Inheritance in Man (OMIM) catalog, GeneTests.org, and other commercially available sequencing panels. Thus, this comprehensive panel analyzes all genes currently reviewed in clinical research settings, and could be used for any disease focused sub-panel testing after being completely validated in the clinical laboratory.

Whole Exome Sequencing
----------------------

The whole exome represents the complete coding region of the genome. It is estimated to encompass only approximately 1-2% of the genome, yet contain approximately 85% of disease-causing pathogenic variants. While there is ongoing discussion about the readiness of whole exome sequencing (WES) for clinical applications, the ultimate adoption of this approach appears to be inevitable. Numerous studies have illustrated the power of WES in making new discoveries, such as the identification of a germline mutation in *PALB2*, a gene previously implicated in breast cancer risk*,*in an individual with familial pancreatic cancer \[[@R12]\], and a germline mutation in *MAX*in individuals with familial pheochromocytoma (PCC), which was not previously linked to familial PCC \[[@R13]\]. This unique power has made WES an ideal tool for testing the patients with undiagnosed diseases of suspected hereditary origin for possible elucidation of a cause of the disease.

A preliminary study of 250 patients with undiagnosed diseases demonstrated the utility of WES in mendelian disorders \[[@R14]\]. The results led to a genetic diagnosis for 62 of the 250 patients, 20 of whom had autosomal recessive diseases. The diagnosis yield was as high as 25% in resolving these hereditary disease diagnostic dilemmas. A few academic institutes have already been offering clinical WES, including the Baylor College of Medicine, Washington University of St. Louis, and UCLA.

Emory Genetics Laboratory (EGL) has developed a new generation of clinical whole exome sequencing test, named Medical EmExome, to provide enhanced coverage of medically relevant genes. This WES assay has \>97% coverage of 22,000 genes with a mean read depth of 100X. Of the \~4600 disease-associated genes analyzed, 3000 have 100% coverage (≥20X) of all exons, which is significantly higher than other commercial whole exome sequencing tests. The Medical EmExome also provides the EmExome Boost Option, which allows clinicians to choose an EGL gene sub-panel relevant to the patient's phenotype.

Although the WES approach is uniquely suitable for some patients with undiagnosed diseases or some of those patients with a negative result using a disease-focused panel, due to the limitations of WES, we do not anticipate the full range of clinical use of WES at the present time.

Whole Genome Sequencing
-----------------------

Whole-genome sequencing (WGS) represents the next step in the progression to complete elucidation of the genomic determinants of a patient's heritable make-up, and thus is the most comprehensive tool for future clinical application. It is expected to provide full coverage of all protein coding regions like WES as well as intronic and other noncoding regions associated with inherited diseases. With the recent release of Illumina HiSeq X Ten, a human genome can be sequenced at 30x coverage under \$1000. Thus, the cost of sequencing is not a barrier for clinical WGS anymore.

Nevertheless, although the decreasing financial cost of sequencing has made the WGS technology more accessible, some technical and clinical interpretation issues remain unresolved. Researchers at the Stanford University School of Medicine have found that significant challenges must be overcome before WGS can be routinely used clinically \[[@R15]\]. In particular, they found that the use of WGS was associated with incomplete coverage of inherited disease genes, low reproducibility of detection of genetic variation with the highest potential clinical effects, and uncertainty about clinically reportable findings. It appears that there are still technical challenges and \"considerable\" human resource needs in order to interpret and validate the data returned by WGS.

However, the WGS will become an ultimate tool in routine clinical practice in the future. As an early exercise, Illumina has already offered Trugenome clinical WGS services in its CLIA-certified, CAP-accredited Clinical Services Laboratory to help identify the underlying genetic cause of an undiagnosed rare genetic disease, or determine a patient's carrier status and genetic predisposition towards adult-onset diseases. Clinicians can also use Illumina's laboratory to generate whole-genome sequencing data and use their own expertise for the clinical interpretation of the WGS findings.

CLINICAL APPLICATIONS OF NGS IN CYTOLOGY
========================================

In clinical practice, a cytology specimen, particularly from minimally invasive fine needle aspiration (FNA), is typically the first and easiest specimen available for clinical testing. In some instances, cytology specimens are the only material available when tumor size, location or comorbid conditions preclude concurrent core needle or excisional biopsy \[[@R16]\]. In fact, FNA procedures have been included in the recommended guidelines for the diagnosis of thyroid carcinomas, lung carcinomas and sarcomas \[[@R17]\]. It is clear that FNA is emerging as one of the most important tools in pathological diagnosis and molecular analysis for personalized medicine. However, a well-known common challenge for using cytology specimens for Sanger sequencing is the limited amount of, sometimes degraded, DNA. Whether we can effectively use the limited amount of cytology specimens for NGS applications has significant implications in patient care.

Recent improvement of FNA procedures and technological advancement in constructing a DNA library with the small amount of DNA have made NGS technology applicable to cytology specimens in the clinical setting. Several studies with FNA and other cytology specimens have established its feasibility in different cancers as briefed below.

Lung Cancer
-----------

Lung cancer is the leading cause of cancer-related death worldwide. About 85% lung cancers are NSCLC. The majority of NSCLC are diagnosed at an advanced stage, after missing the best time for surgical resection. Therefore, the diagnosis and therapeutic decision for lung cancer heavily rely on minimally invasive procedures, either small biopsies or cytology samples.

Lung cancer has the most available targeted therapies. The targeted genes include *EGFR*, *BRAF, KRAS, ALK*, and *ROS1*\[[@R18],[@R19]\]. More potential targets, such as *PIK3CA, FGFR1* and *DDR2*, are in the clinical trials. Therefore, the number of predictive biomarkers for novel targeted drugs entering into clinical practice is expected to rapidly increase. Thus, the NGS technology is superior to current standard methodologies in lung cancer treatment.

The Ion AmpliSeq Colon and Lung Cancer Panel has been applied to the detection of targeted gene mutations using 38 lung adenocarcinomas cytology specimens \[[@R20]\]. That study simultaneously assessed 504 mutational hotspots from 22 selected lung cancer-associated genes. Of the 38 cases, 36 were successfully sequenced (95%). Twenty-four out of 36 cases identified at least one mutation. Many of the mutated genes were well known driver genes such as *EGFR, KRAS, PIK3CA, BRAF, TP53*, and*PTEN.* Of those, *EGFR* and *KRAS*mutations were found in 6/36 and 10/36 cases, respectively, and were independently confirmed by Sanger sequencing or high resolution melting analysis. The data suggested that NGS can be reliably applied on cytology specimens with high sensitivity, specificity and reproducibility.

Thyroid Cancer
--------------

Thyroid cancer is the most common malignancy of endocrine organs. Its incidence is steadily increasing in the United States and worldwide \[[@R21]\]. Thyroid cancer typically occurs in thyroid nodules. FNA followed by cytological examination is an accurate and cost effective diagnostic method for evaluating thyroid nodules. This commonly used approach allows detecting cancer or establishing a diagnosis of a benign nodule in most cases. However, in approximately 25% of nodules, the diagnosis cannot be established and consequently classified as indeterminate by FNA cytology, hampering clinical management of these patients \[[@R22]\]. Because thyroid cancer evolves and progresses through multiple genetic and epigenetic aberrations, the detection of somatic mutations in thyroid cancer by NGS offers the potential to improve the accuracy of cancer diagnosis and prognosis in thyroid nodules, in addition to being helpful for therapeutic purposes \[[@R23],[@R24]\].

In a study of 1056 FNA samples, Nikiforov *et al.* demonstrated the clinical utility of panel-based molecular testing in the diagnosis and management of thyroid FNA samples with indeterminate cytology \[[@R25]\]. Subsequently, Nikiforova *et al.* validated a large series of neoplastic and non-neoplastic thyroid samples using the Ion Personal Genome Machine sequencer and their custom-designed, targeted NGS ThyroSeq panel \[[@R26]\]. In this study, they sequenced 228 frozen, formalin-fixed, and fine-needle aspiration thyroid samples representing all major types of thyroid cancer, using the Ion Torrent amplicon-based sequencing approach. They chose the amplicon-based approach because 1) this approach allows the use of 10 ng of input DNA for efficient amplification of genomic regions of interest, and 2) it works well with partially degraded DNA due to the small size of amplicons. Thus, this approach is ideal for cytology specimens. Their results in their validation study showed that ThyroSeq delivered an overall success rate of 99.6% for analysis of multiple mutations by NGS. Only 1 out of 51 (2%) routine FNA samples failed the NGS sequencing, suggesting that the vast majority of FNA samples should be amenable to such analysis \[[@R26]\]. Recently, using the second version of their targeted Thyroseq NGS assay, they also showed that this NGS assay allows a highly accurate diagnosis of cancer in thyroid nodules given a FNA cytologic diagnosis of follicular neoplasm/suspicious for a follicular neoplasm \[[@R27]\].

Further, to test if NGS has added value for the diagnosis of thyroid FNA specimens with indeterminate cytology, Le Mercier *et al.* retrospectively analyzed 34 indeterminate FNA samples using the AmpliSeq cancer panel V2. Mutations in *BRAF, NRAS, KRAS* and *PTEN* that are known to be involved in thyroid cancer biology were detected in 5 of the 7 malignant cases, giving a 71% sensitivity of this molecular test for the diagnosis of malignancy \[[@R28]\]. This study demonstrated that the detection of mutations known to be involved in thyroid cancer can improve the sensitivity of thyroid FNA diagnosis.

Pancreatic Cancer
-----------------

Pancreatic cancer represents the fourth-highest cause of cancer death in the United States with the lowest survival rate among the most common cancers (\~6%). Many genetic alterations have been associated with the development of pancreatic cancer. The four most frequently mutated genes are oncogene *KRAS* and tumor suppressor genes *CDKN2A/p16, SMAD4* and *TP53*\[[@R29]\]. These signature genes have been used as tumor markers for the diagnosis of pancreatic adenocarcinoma. The combination of cytological evaluation and tumor marker mutational analysis, especially for inconclusive cases, can potentially enhance the diagnostic power.

To explore the performance of NGS in the diagnosis of pancreatic ductal adenocarcinoma (PDAC) using FNA specimens, Dario de Biase *et al.* analyzed *KRAS* mutations, which have been reported in \>95% PDAC, by using Sanger sequencing (considered as a gold standard technique for DNA sequence analysis), allele specific locked nucleic acid PCR (ASLNAqPCR) and 454 Next Generation Sequencing (454 GS-Junior platform, Roche) \[[@R30]\]. Sixty specimens from endoscopic ultrasonography FNA were analyzed for *KRAS* exon 2 and exon 3 mutations. Sanger sequencing delivered a clinical sensitivity for the detection of the *KRAS* mutation of 42.1%, ASLNAqPCR of 52.8% and 454 GS-Junior of 73.7%. The study not only demonstrated the feasibility of FNA for NGS, but also showed a better accuracy compared to other classical techniques.

The feasibility of NGS testing with cytology specimens has now been established. We anticipate that successful application of cytology specimens will further facilitate the clinical utility of NGS in cancer.

CHALLENGES, SOLUTIONS AND FUTURE DIRECTIONS
===========================================

NGS technology has had a dramatic impact on precision medicine from risk assessment to early diagnosis, prognosis and treatment. Successful application of NGS technology to cytology specimens can further enhance its power in the disease management. However, there are several key challenges that impede the wide adoption of NGS in clinical laboratories. Addressing the following challenges can pave the way for gene panels, WES, and ultimately WGS testing in the daily practice of precision medicine.

Lack of Evidence Base for NGS Tests
-----------------------------------

Although there are many examples of the beneficial impact of NGS tests, overall, we have insufficient evidence-based framework to convince the FDA to approve, insurance companies to cover, and physicians to use those tests. This is perhaps the biggest challenge for NGS tests to fully penetrate the many facets of clinical care in a timely fashion \[[@R31]\].

In this regard, the NGS community may benefit from partnering with public health agencies and private sectors to collectively address this fundamental question. This effort requires data curation from the primary scientific literature, carrying out expensive and time-consuming clinical trials. By forming partnerships, we can enrich our knowledge and resources, increase in efficiency and reduce financial burden for a given institute.

The Office of Public Health Genomics at the U.S. Centers for Disease Control and Prevention has developed a framework for evaluating emerging genetic tests. Their evaluation includes four key areas: analytic validity (how accurately and reliably the test measures the genotype of interest), clinical validity (how consistently and accurately the test detects or predicts the intermediate or final outcomes of interest), clinical utility (how likely the test is to significantly improve patient outcomes), and ethical, legal, and social implications that may arise in the context of using the genomic tests. Through partnership and networking, the NGS community can use this framework as a basis to further develop a specific and comprehensive plan to provide evidence base for NGS tests.

Lack of Understanding of NGS Tests
----------------------------------

There is a growing sentiment that uptake of genomic medicine is slow because health care providers and community in general lack understanding of NGS tests. This will directly reduce the number of orders, and affect insurance coverage and FDA clearance for these tests. Therefore, enhanced NGS education is the key not only for health care providers, but also for other related professions including policy-makers, regulators, lawyers, investors and insurance underwriters. In addition to classic educational means, such as conferences, publications and media, the NGS education effort should start from the schools, i.e., the Universities should train more qualified genomic teachers, have more genomic medicine major and offer more genomic courses. For pathologists in training, understanding of at least the basics of genomic tests and interpretation of the results of these tests in medicine is currently being encouraged \[[@R32]-[@R34]\].

A combination of better education in NGS tests as well as better tools for clinical decision support will speed up the NGS adoption. Several efforts are under way to track and make the latest information on genomic tests. The NIH Genetic Testing Registry is a National Institutes of Health's (NIH)-funded, new centralized database for comprehensive genetic test information, including its purpose, target populations, methods, analytical validity, clinical validity, clinical utility, ordering information, laboratory location, contact information, certifications and licenses. The Pharmacogenomics Knowledge Base (PharmGKB) is an online resource that includes information on potentially clinically actionable gene-drug associations and genotype-phenotype relationships. Much of the information is manually curated from the published literature and is used to write evidence summaries and pharmacogenomic-based drug dosing guidelines. (Table **[2](#T2){ref-type="table"}**) lists a few key websites that curate available genomic tests and the evidence to support their use. These tools will help physicians to understand and order such tests.

Lack of Clinically Annotated Genetic Variants for Accurate Data Interpretation
------------------------------------------------------------------------------

Today, the bottleneck of genomic diagnostics has moved from data acquisition to data interpretation. An important challenge of efficiently translating NGS data into actionable information for clinicians is the lack of understanding of the impact of most genetic variants on human health and disease. Understanding these variants require massive sources of genomic and phenotypic data and shared efforts in studying variants \[[@R4]\]. This will take many years and requires a lot of collective effort. The International Collaboration for Clinical Genomics is working closely with NCBI to develop standards, to assist clinical laboratories in sharing their data and to develop approaches to curate the shared data.

At present, building comprehensive, constantly updated genomic databases is an immediate solution to address current challenge. Progress has been made with the recent launch of several public and private initiatives. ClinGen is a NIH-funded clinical genome resource to document which genetic variants play a role in disease and those that are relevant to patient care (http://clinicalgenome.org/). Its primary goal is to share genomic and phenotypic data through a centralized database in a standardized clinical annotation and interpretation. ClinGen is directly linked to ClinVar, a public database specifically focused on relationships among human variations and phenotypes with supporting evidence to help interpretation of clinically relevant mutations \[[@R35]\]. The PharmacoGenomic Mutation Database (PGMD. http:// www.biobase-international.com/product/pgmd) is a commercial resource for identifying all published genetic variants that have been shown to affect drug response in patients, thus guiding physicians to select appropriate drug and dose for maximum benefit and minimum side effect. Another resource with a focus of somatic mutations is My Cancer Genome (http://www.mycancergenome.org). This personalized cancer knowledge resource gathers up-to-date, well-established cancer mutation information, related therapeutic implications, and available clinical trials, making a convenient one-stop-shopping tool for physicians. For germline mutations, the Human Gene Mutation Database Professional (HGMD Pro) is a mature commercial resource providing comprehensive data on human germline mutations, particularly useful for hereditary disease risk screening and diagnosis.

Given the current challenge on accurate annotation of genetic variants, some third-parties provide genome interpretive services to assist clinicians in understanding the genetic variants and its clinical relevance to treatment. This nascent field currently includes startup companies like Knome (http://www.knome.com), Silicon Valley Biosystems (http://www.svbio.com) and Omicia (http://www.omicia.com). These companies offer software, computer infrastructure, and services required to process, analyze, and produce tailored diagnostic reports.

Initiatives in Development of Guidelines for Clinical NGS
---------------------------------------------------------

The accurate interpretation of genetic variants identified by NGS is one thing, how to report the findings is another. One of the issues facing laboratories who offer genetic testing is how to report the variants that are unrelated to the indication for testing, such as risk of developing cancer or the risk of developing other genetic diseases or conditions like neurologic or psychiatric illnesses. These findings may have an impact not only on the individual patient but also on immediate family members. This issue is particularly significant for WES and WGS testing.

It is necessary to develop an ethical and legal framework for clinical NGS testing, including procedures for informed consent, and reporting incidental findings and returning the data to patients and their families. The ACMG developed a statement as a guide to obtaining informed consent in clinical NGS \[[@R36]\], which is a critical prerequisite for clinical NGS testing to educate the patient about NGS-based testing, including expectations from the test prior to performing the test. The ACMG also proposed recommendations for reporting of incidental findings in clinical exome and genome sequencing, which were updated after discussion, including in the oncology community, since implications of incidental or secondary findings apply also to cancer genome sequencing. \[[@R37]-[@R40]\].

To provide a general guidance for the development and interpretation of NGS-based tests, several professional organizations have developed guidelines for the practice of clinical NGS, including the AMP \[[@R41]\], and the Centers for Disease Control, in the United States \[[@R42]\]. Similar quality assurance guidelines for NGS in diagnostic pathology are also being established in Europe \[[@R43]\]. The ACMG has also developed a position statement for the detection of germline mutations by whole exome and genome sequencing \[[@R44]\], and for the validation of NGS methods and platforms, monitoring NGS testing, data interpretation and reporting \[[@R45]\]. In March 2015, the ACMG issued a joint consensus statement with the AMP for the interpretation of sequence variants, recommending use of the categories "pathogenic", "likely pathogenic", "uncertain significance", "likely benign" and "benign" \[[@R46]\]. All above guidelines can be applied to interpret germline as well as somatic variants to guide cancer risk assessments and treatments. However, before comprehensive and consensus guidelines are established, we need to balance privacy issues with the potential advantages and drawbacks of sharing genetic data with patients and their relatives.
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![The Evolution of Sequencing Cost and Throughput with Different Sequencers. In the last decade, with the release of new sequencers, models and chemistries, the cost of sequencing has been rapidly decreasing, from over \$200/gigabase (GAIIx) to under \$10/gigabase (Hiseq X-Ten); while the throughput has been continuously increasing, from under 10 gigabases/day (GAIIx) to over 600 gigabases/day (Hiseq X-Ten).](CG-16-253_F1){#F1}
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Examples of representative hereditary cancer panels.

  Gene      BreastPanel   ColonPanel   OvaPanel   PancPanel   RenalPanel   EndometrialPanel
  --------- ------------- ------------ ---------- ----------- ------------ ------------------
  APC       ∆             ● √ ∆        ∆          ● √                       
  ATM       ● √           √            ● √        ● √                       
  AXIN2                   √                                                 
  BARD1     ● √                        ● √                                  
  BLM       √             √            √                                    
  BMPR1A    ●             ● √ ∆        ●                                    
  BRCA1     ● √ ∆         ∆            ● √ ∆      ● √                      √
  BRCA2     ● √ ∆         ∆            ● √ ∆      ● † √                    √
  BRIP1     ● √ ∆                      ● √ ∆                                
  CDC73                                                                    ∆
  CDH1      ● √ ∆         ● √ ∆        ● √ ∆                                
  CDK4                                            √                         
  CDKN1C                                                      ∆             
  CDKN2A                  ∆                       ● √                       
  CHEK2     ● √ ∆         ● √ ∆        ● √ ∆                               √
  EPCAM     √ ∆           ●  √ ∆       ● √ ∆      ● √         ●            ● √
  FAM175A   √                          √                                    
  FANCC     √                          √          √                         
  FH                                                          ● ∆           
  FLCN                                                        ● ∆           
  GPC3                                                        ∆             
  HOXB13    √                          √                                    
  MAX                                                                      ∆
  MEN1                                                                     ∆
  MET                                                         ● ∆           
  MIFT                                                        ●             
  MLH1      √ ∆           ●  √ ∆       ● √ ∆      ● √         ●            ● √
  MRE11A    ● √                        √                                    
  MSH2      √ ∆           ●  √ ∆       ● √ ∆      ● √         ●            ● √
  MSH6      √ ∆           ●  √ ∆       ● √ ∆      ● √         ●            ● √
  MUTYH     ● ∆           ● √ ∆        ● ∆                                 √
  NBN       ● √ ∆                      ● √ ∆                                
  NF1       ●                                                              ∆
  PALB2     ● √ ∆                      ● √ ∆      ●  √        ∆             
  PALLD                                           √                         
  PMS1      ∆             ∆            ∆                                    
  Gene      BreastPanel   ColonPanel   OvaPanel   PancPanel   RenalPanel   EndometrialPanel
  PMS2      √ ∆           ●  √ ∆       ● √ ∆      ● √         ●            ● √
  PRKAR1A                                                                  ∆
  PTEN      ● √ ∆         ● √ ∆        ● √ ∆                  ● ∆          ● √ ∆
  RAD50     ● √                        ● √                                  
  RAD51C    ● √ ∆                      ● √ ∆                                
  RAD51D    ● √ ∆                      ● √ ∆                                
  RET                                                                      ∆
  SDHA                                                        ●             
  SDHAF2                                                                   ∆
  SDHB                                                        ● ∆          ∆
  SDHC                                                        ●            ∆
  SDHD                                                        ● ∆          ∆
  SMAD4                   ● √ ∆                                             
  STK11     ● √ ∆         ● √ ∆        ● √ ∆      ● √                       
  TMEM127                                                                  ∆
  TSC1                                                        ●             
  TSC2                                                        ●             
  TP53      ● √ ∆         ● √ ∆        ● √ ∆      ● √         ●            √ ∆
  VHL                                             √           ● ∆          ∆
  WT1                                                         ∆             
  XRCC2     √             √            √          √                         

● Ambry Genetics; √ GeneDx; ∆ Baylor.

###### 

Genomic resources for genomic tests and data interpretation.

  Website Name                     URL Address                                                                             Brief Description
  -------------------------------- --------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  PharmKGB                         http://www.pharmgkb.org                                                                 A pharmacogenomics knowledge resource that encompasses clinical information including dosing guidelines and drug labels, potentially clinically actionable gene-drug associations and genotype-phenotype relationships.
  Genetic testing registry         http://www.ncbi.nlm.nih.gov/gtr/                                                        Central location for voluntary submission of genetic test information by providers; includes information on test methodology, validity, evidence of the test's usefulness, and laboratory contacts and credentials; currently includes 19,000 tests for 4,500 conditions and 3000 genes as of June 26, 2014
  GAPP Finder                      http://64.29.163.162:8080/GAPPKB/topicStartPage.do                                      A searchable database of genetic tests and genomic applications in transition from research to clinical and public health practice. The search query can include disease, genes, drug, test, etc.  Includes 547 tests as of June 26,2014
  FDA Pharmacogenomic Biomarkers   http://www.fda.gov/drugs/scienceresearch/researchareas/pharmacogenetics/ucm083378.htm   A list of FDA-approved drugs with pharmacogenomic information in their labeling. includes 161 biomarker-drug pairs as of June 26, 2014
  EGAPP                            http://www.egappreviews.org/about.htm                                                   A resource for evidence regarding the validity and utility of genetic tests for clinical practice and recommendations on implementation of genetic tests from professional organizations and advisory committees
  Evidence aggregator              http://64.29.163.162:8080/GAPPKB/evidencerStartPage.do                                  An application that facilitates searching for evidence reports, systematic reviews, guidelines related to the use of genetic tests and other genomic applications

[^1]: Co-correspondent author
